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Combinatorial Roles of Olig2 and Neurogenin2
in the Coordinated Induction of Pan-Neuronal
and Subtype-Specific Properties of Motoneurons
al., 1999; Perez et al., 1999), whereas others appear to
control some specific aspects of neuronal phenotypes
independently of others (Sharma et al., 1998; Thaler et
al., 1999; Arber et al., 1999; Lo et al., 1999). Moreover,
distinct neuronal subtypes are often generated at differ-
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This feature of the developing spinal cord providestimes and positions during development of the nervous
a suitable model to study neuronal cell diversity, andsystem. It remains elusive how specification of neuronal
remarkable advances have recently been made in theidentity coordinates with acquisition of pan-neuronal
understanding of underlying mechanisms (Jessell, 2000).properties. Here we show that basic helix-loop-helix
It has been revealed that the secreted extracellular sig-(bHLH) transcription factors Olig2 and Neurogenin2
naling protein Sonic Hedgehog (Shh) plays a vital role in(Ngn2) play vital roles in the coordinated induction of
specifying multiple subtypes of ventral neurons (Jessell,pan-neuronal and subtype-specific properties of moto-
2000). More recent studies have further demonstratedneurons. Olig2 and Ngn2 are specifically coexpressed
that a group of homeodomain transcription factors actin motoneuron progenitors. Misexpression studies in
as critical cell-intrinsic determinants downstream of Shhchick demonstrate the specific, combinatorial actions
signals (Briscoe and Ericson, 2001). The combinatorialof Olig2 and Ngn2 in motoneuron generation. Our re-
expression patterns of these homeodomain factors ap-sults further revealed crossregulatory interactions be-
pear to define distinct progenitor domains within thetween bHLH and homeodomain transcription factors
neural tube, each of which is responsible for generation
in the specification of motoneurons. We suggest that
of a specific neuronal subtype.
distinct classes of transcription factors collaborate to Although this emerging view explains how distinct
generate motoneurons in the ventral neural tube. progenitors are specified in the neural tube, it still leaves
some important questions unsolved. For instance, it is
Introduction not yet clear how homeodomain factors contribute to the
induction of pan-neuronal properties when progenitors
The generation of distinct classes of neurons at topolog- differentiate into neurons. It has been shown that the
ically defined positions is a fundamental step during the activities of MNR2 and Nkx6.1 in specifying motoneu-
assembly of complex neural circuits in the vertebrate rons operate only within the context of a general pro-
central nervous system (CNS) (Edlund and Jessell, 1999). gram of neurogenesis (Tanabe et al., 1998; Briscoe et
The identities of individual neurons can be distinguished al., 2000). Thus, it appears that other cell-intrinsic deter-
by a broad array of phenotypic properties or compo- minants are responsible for the control of pan-neuronal
nents, including morphology, connectivity, and neuro- properties of motoneurons, and such a program is linked
transmitter synthesis. Recent studies have revealed that to the specification of neuronal subtypes by homeodo-
such neuronal identities are controlled by a variety of main factors. The identity and nature of such molecules,
transcription factors. Some transcription factors specify however, remain unknown.
multiple components (Tanabe et al., 1998; Stanke et To address this issue, we have focused on the bHLH
class of transcription factors. This class of transcrip-
tional regulators plays vital roles in differentiation of4 Correspondence: nakafuku@m.u-tokyo.ac.jp
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Figure 1. Region-Specific Expression of Olig2 and Ngn2 in the Developing Neural Tube
(A–K) Expression of Olig2 and Ngn2 is compared with various homeodomain transcription factors by double-immunostaining. All panels show
transverse sections of the lumbar spinal cord of rat embryos at E10.5 (A and B), E11.5 (C and D), and E12.5 (E–K) (dorsal side is top). An
arrow in (I) indicates Ngn2 cells scattered dorsal to Olig2 cells. (L) Diagram summarizing the expression patterns of Olig2 and Ngn2 in
progenitor domains at E12.5. The results of Figures 1 and 2 are combined to depict relationships between gene expression patterns in distinct
progenitor domains (left) and neuronal subtypes that arise from respective progenitor domains (right) (for details, see Briscoe and Ericson,
2001). Scale bars: 50 m (shown in [B] for [A] and [B], and [D] for [C] and [D]); 100 m (shown in [K] for [E]–[K]).
multiple cell types during development, and includes that distinct classes of transcription factors collaborate
to generate specific neuronal subtypes in the developingmany members expressed in the CNS (Anderson and
Jan, 1997; Guillemot, 1999). Some bHLH factors, such nervous system.
as Mash1 and Ngn2, are expressed in multipotential
neural progenitors (Torii et al., 1999; Nieto et al., 2001), Results
whereas others are specifically expressed in differentiat-
ing neurons. Recently, the Olig subfamily of bHLH fac- Region-Specific Expression of Olig2 and Ngn2
in the Developing Neural Tubetors, including Olig1 and Olig2, has been shown to be
expressed in oligodendrocytes and their progenitors (Lu Olig2 was originally identified as a bHLH factor ex-
pressed in oligodendrocytes and their progenitors (Luet al., 2000; Zhou et al., 2000; Takebayashi et al., 2000).
Thus, bHLH factors are thought to regulate multiple et al., 2000; Zhou et al., 2000). However, we have recently
identified its expression during early development, thesteps of differentiation of both neurons and glia (Ander-
son and Jan, 1997; Guillemot, 1999). Several lines of stage earlier than the timing of oligodendrocyte differen-
tiation (Takebayashi et al., 2000). We sought to examinerecent studies have further begun to reveal the roles of
bHLH factors in the specification of neuronal subtypes in detail this early expression of Olig2 in comparison
with that of Ngn2 and Mash1.(Anderson and Jan, 1997; Hassan and Bellen, 2000). It
remains unknown, however, how they cooperate with In the developing rat spinal cord, Olig2-positive
(Olig2) and Ngn2 cells were first detected at embry-other molecules, especially with homeodomain factors,
to specify neuronal identity. onic (E) day 10.5 (Figures 1A and 1B), and occupied
overlapping ventral domains at E11.5 (Figures 1C andHere we provide evidence that the bHLH factors Olig2
and Ngn2 play vital roles in the coordinated induction 1D). At this stage, a small number of Mash1 cells
emerged in the ventral-most domain, but few motoneu-of pan-neuronal and subtype-specific properties of moto-
neurons. They are expressed in a region-specific manner rons or ventral interneurons have been generated (data
not shown). Distinct progenitor domains have been de-in the developing neural tube, and specifically coex-
pressed in motoneuron progenitors. Ectopic expression fined by differential expression of a group of homeodo-
main factors along the dorso-ventral axis of the neuralstudies demonstrate the specific, combinatorial actions
of Olig2 and Ngn2 in the generation of motoneurons. tube (Briscoe and Ericson, 2001; see Figure 1L). The
expression of Nkx2.2 and Irx3 limits the domain for mo-We further show crossregulatory interactions between
bHLH and homeodomain factors in the specification of toneuron progenitors (Ericson et al., 1997; Briscoe et
al., 1999, 2000). Nkx6.1 is expressed in progenitors forprogenitors in the neural tube. Our results thus suggest
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both motoneurons and ventral interneurons, whereas Thus, we next compared the expression of Olig1 and
Olig2. Olig1 was not expressed from E10.5 to E12.5, thePax6 occupies a broad intermediate domain, where its
expression is low in ventral motoneuron progenitors (Er- stages when motoneurons are abundantly generated
(data not shown). However, at E14.5, the stage whenicson et al., 1997; Qiu et al., 1998; Sander et al., 2000;
Briscoe et al., 2000). At E12.5, the ventral and dorsal the motoneuron generation almost completes and oligo-
dendrocytes begin to emerge (Pringle et al., 1996), theboundaries of the Olig2 domain were closely adjacent
to those of Nkx2.2 and Irx3, respectively (Figures 1E Olig1 expression became detectable in a group of ven-
tral progenitors close to the Nkx2.2 domain (Figure 2L),and 1F). The dorsal boundary of the Olig2 domain was
ventral to that of the Nkx6.1 domain (Figure 1G), and where Olig2 cells remained (Figure 2M). Unlike at earlier
stages, Mash1 cells emerged in this domain, and someclosely matched that of the Pax6low domain (Figure 1H).
At this stage, Ngn2 was coexpressed in many, but not Olig1 and Olig2 cells coexpressed Mash1 (Figures 2O
and 2P, arrows and insets). In contrast, the expressionall, of Olig2 cells dorsal to the Nkx2.2 domain (Figures
1I and 1J). Some Ngn2 cells were also scattered more of Ngn2 disappeared in this Olig2 domain (Figures 2N
and 2Q). Thus, the expression of these bHLH factorsdorsally (Figure 1I, arrow), but remained ventral to Pax7
cells that have been defined as dorsal progenitors (Fig- changes during development, and Olig2 and Ngn2 are
coexpressed in progenitors for motoneurons, but notures 1D and 1K) (Mansouri and Gruss, 1998). The distri-
bution pattern of such cells expressing Ngn2 proteins for oligodendrocytes.
is consistent with that of Ngn2 mRNA (Simmons et al.,
2001; Scardigli et al., 2001). Loss of Expression of Olig2 and Ngn2
in the Pax6 Mutant
A similar correlation between motoneuron productionGeneration of Motoneurons from Olig2
and the dorso-ventral specificity of Olig2 and Ngn2 ex-and Ngn2 Progenitors
pression was observed in the hindbrain. Bilateral clus-The expression of Olig2 and Ngn2 was further correlated
ters of Olig2 progenitors were found in a specific ven-with subtype-specific neuronal markers at E12.5, the
tral domain at E12.5, and Ngn2, but not Mash1, wasstage when progenitors actively generate various neu-
coexpressed in these cells (Figures 3A and 3B). Tworonal subtypes. At spinal cord levels, initial migration of
distinct types of motoneurons are generated in the hind-new neurons occurs in a medio-lateral plane (Leber and
brain. Motoneurons extending axons ventrally (hereinSanes, 1995). Thus, cells located medially serve as pro-
termed vMN) derive from the Pax6low/Nkx2.2 domain ingenitors for neurons situated laterally. Isl1 and HB9 are
rhombomere (r) 5 and r7, whereas motoneurons pro-defined markers for motoneurons and their progenitors
jecting axons dorsally (dMN) originate from the ventralin the ventral neural tube (Tsuchida et al., 1994; Arber
Pax6/Nkx2.2 domain (Ericson et al., 1997; Pattyn etet al., 1999; Thaler et al., 1999). Olig2 progenitors were
al., 1997, 2000; Briscoe et al., 1999). Both motoneuronclosely apposed medial to HB9 and Isl1 motoneurons
subtypes express Isl1, while Phox2b and HB9 are spe-(Figures 2A and 2B). The occurrence of Olig2/HB9
cific markers for dMN and vMN, respectively (Pattyn etand Olig2/Isl1 cells indicates that Olig2 is indeed ex-
al., 1997, 2000; Arber et al., 1999; Thaler et al., 1999).pressed in motoneuron progenitors. Ngn2 cells also
Olig2 and Ngn2 cells were closely adjacent to HB9occupied this medial domain, where a few Ngn2 cells
vMNs (Figures 3C and 3D). On the other hand, Phox2bcoexpressed HB9 (Figure 2E).
dMNs were segregated from HB9 vMNs, and over-Dorsal to this motoneuron domain, several distinct
lapped only the ventral part of the cluster of Isl1 cellsclasses of interneurons differentiate at specific posi-
(Figures 3E and 3F). Thus, Olig2/Ngn2 cells occupiedtions. En1 and Chx10 are markers for V1 and V2 in-
the Phox2b progenitor domain, and were specificallyterneurons, respectively, whereas Lim3 is transiently ex-
related to vMNs.pressed in both motoneurons and V2 interneurons
The expression of Olig2 and Ngn2 was further exam-(Ericson et al., 1997; Tanabe et al., 1998; Sharma et
ined in the Pax6 mutant rat (Sey/Sey) since ectopical., 1998). Olig2 cells were medial to ventrally located
dMNs are generated at the expense of vMNs in theLim3 motoneurons, but distinct from progenitors for
mutant hindbrain (Ericson et al., 1997; Osumi et al.,V1 (En1) and V2 (Lim3) interneurons (Figures 2C and
1997). We found that the expression of Olig2 and Ngn22D). In contrast, Ngn2 progenitors were found medial
was diminished in the Sey/Sey hindbrain, coincidentto these interneurons (Figures 2F and 2G, arrows and
with the loss of HB9 vMNs (Figures 3G and 3H). Con-insets). At this stage, Mash1 was expressed in the dorsal
versely, Phox2b and Mash1 cells occupied this pro-domain (Figure 2H) (Sommer et al., 1996). Scattered
genitor domain, where Olig2/Ngn2 cells disappearedMash1 cells were also detected ventrally, but were
(Figures 3I and 3J). These results demonstrated that thesegregated from Olig2 cells (Figure 2H). At more ante-
activity of the homeodomain factor Pax6 is critical forrior levels, where development slightly proceeds, Mash1
the expression of Olig2 and Ngn2 in progenitors forwas coexpressed with Ngn2 in a subset of ventral cells
vMNs.(Figure 2I, arrow and inset). They may correspond to
progenitors for Lim3/Chx10 V2 interneurons (Figures
2J and 2K, arrows and insets). Thus, coexpression of Induction of Ectopic Motoneuron Markers
by Olig2 and Ngn2Olig2 and Ngn2 is specific for motoneuron progenitors
during early neurogenesis (summarized in Figure 1L). Motoneuron development in chick closely parallels that
in rat (Varela-Echavarria et al., 1996; Ericson et al., 1997).Late in development, Olig2 and its related factor Olig1
are expressed in progenitors for oligodendrocytes (Lu Thus, we next examined the functions of Olig2 and Ngn2
in chick embryos. We first isolated a cDNA clone foret al., 2000; Zhou et al., 2000; Takebayashi et al., 2000).
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Figure 2. Specific Coexpression of Olig2 and Ngn2 in Motoneuron Progenitors
(A–K) Distribution of progenitors expressing Olig2, Ngn2, and Mash1 in the lumbar (A–H) and brachial (I–K) spinal cord at E12.5. (A–D) Specific
expression of Olig2 in motoneuron progenitors. Early differentiating motoneurons coexpress Olig2, HB9, Isl1, and Lim3 (indicated in yellow
in [A]–[C]), whereas Olig2 is not expressed for progenitors for En1 and Lim3 interneurons (C and D). Arrow in (C) indicates Lim3/Olig2
progenitors for V2 interneurons. (E–G) Expression of Ngn2 in ventral progenitors. Ventral Ngn2 cells are located medial to HB9 and Lim3
cells (E and F). Some dorsal Ngn2 progenitors are also found medial to En1 and Lim3 interneurons (arrows in [F] and [G]). Inset in (F)
indicates the coexpression of Ngn2 and Lim3. (H–K) Coexpression of Mash1 with Ngn2, but not with Olig2. Ventral Mash1 cells do not overlap
Olig2 cells (H), whereas some Mash1/Ngn2 cells are found adjacent to Lim3/Chx10 V2 interneurons (arrows in [I]–[K]). Insets in (I) and
(J) indicate the coexpression of Mash1 with Ngn2 and Lim3, respectively. Inset in (K) indicates the close apposition of Mash1 and Chx10
cells. (L–Q) Changes in the expression patterns of bHLH factors late in development. Arrows indicate the same positions relative to the dorso-
ventral axis of the spinal cord at E14.5. At this stage, the expression of Olig1 emerges in a small subset of progenitors close to the Nkx2.2
domain (L), where some Olig1 cells coexpress Mash1 (O). Olig2 cells also occupy this ventral domain (M), and coexpress Mash1 (P). In
contrast, the expression of Ngn2 disappears in this domain (N and Q). Scale bar: 100 m (shown in [Q]).
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Figure 3. Loss of Expression of Olig2 and Ngn2 in the Hindbrain of the Pax6 Mutant (Sey/Sey)
(A–F) Specific coexpression of Olig2 and Ngn2 in progenitors for vMNs. In the E12.5 hindbrain (r7 level), Olig2 is specifically coexpressed with
Ngn2 (A), but not with Mash1 (B), in a ventral progenitor domain. These Olig2/Ngn2 progenitors are medial to HB9 vMNs (C and D), but
appear to be segregated from the Phox2b domain that generates dMNs (E). Note that the general motoneuron marker Isl1 is expressed in
both HB9 and Phox2b cells (F). (G–J) Loss of expression of Olig2 and Ngn2 in Sey/Sey embryos. Concomitantly with the loss of HB9
vMNs, Olig2 (G) and Ngn2 (H) cells are not detected in the Sey/Sey hindbrain at E12.5. In these mutants, Phox2b and Mash1 progenitors
occupy dorsally expanded domains (J) compared to the wild-type embryos (I). Scale bar: 100 m (shown in [J]).
chick Olig2. When compared to mouse Olig2, this clone Misexpression of Ngn2 has been shown to induce
ectopic neurons in various tissues other than CNS (Maencodes the C-terminal half of the putative chick Olig2.
Its deduced amino acid sequence is 90% identical to et al., 1996; Blader et al., 1997; Perez et al., 1999; Perron
et al., 1999). Therefore, we asked whether Ngn2 canthat of mouse Olig2, which is much higher than the
identity (57%) between Olig2 and its most closely related stimulate neurogenesis in the neural tube. To distinguish
the expression of exogenous Ngn2 from that of the en-factor Olig3 in mouse (See Experimental Procedures).
Thus, we concluded that this clone encodes the chick dogenous gene, we misexpressed rat Ngn2 in chick
embryos. An expression construct of Ngn2 was electro-Olig2 ortholog.
In situ hybridization detected the expression of mRNA porated in the developing hindbrain at HH stages 9–10,
and the embryos were allowed to further develop in ovo.for chick Olig2 in the ventral spinal cord at Hamburger-
Hamilton (HH) stage 14, which is close to the onset of In these embryos, only the right side of the neural tube
received expression plasmids, and thus the left sidedifferentiation of motoneurons (Figure 4A). The Olig2
expression was also detected in the ventral hindbrain served as an internal control. The expression of ectopic
genes begins around HH stages 10–12, preceding theat HH stage 20, which coincides with the time that moto-
neurons are actively generated (Figure 4C). At the same onset of neurogenesis in the neural tube. Misexpression
of Ngn2 induced many ectopic cells expressing the pan-stages, chick Ngn2 mRNA was also expressed in the
ventral neural tube, but its expression domain was neuronal marker -tubulin type III detected by TuJ1 anti-
body (Figures 4E and 4F, arrowheads). Ngn2-inducedbroader than that of Olig2 (Figures 4B and 4D). Although
the Ngn2 expression extended more dorsally at the later ectopic cells also expressed the postmitotic neuron-
specific neurofilament-associated antigen recognizedstage (Figure 4D), this dorsal expression appeared to
be confined in postmitotic neurons, and excluded from by 3A10 antibody (Serafini et al., 1996; data not shown).
Concomitantly, Ngn2 decreased the number of prolifera-medially located progenitor domains (Perez et al., 1999).
Thus, the expression of chick Olig2 overlaps that of tive progenitors that could be labeled with 5-bromo-
2deoxyuridine (BrdU) (Figure 4G). Thus, Ngn2 has theNgn2 in the ventral neural tube at the stage appropriate
for motoneuron generation. ability to promote cell cycle exit and neuronal differentia-
Neuron
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Figure 4. Misexpression of Ngn2 Induces Ec-
topic Neuronal Differentiation
(A–D) The expression of chick Olig2 and Ngn2
mRNAs in the neural tube. In situ hybridiza-
tion detects the mRNAs for chick Olig2 (A and
C) and Ngn2 (B and D) in the spinal cord (A
and B; cervical level, HH stage 14) and in the
hindbrain (C and D; r5 level, HH stage 20).
Like in rat, Olig2 and Ngn2 are expressed in
specific ventral domains. (E–J) Misexpres-
sion of Olig2 and Ngn2 in the chick hindbrain.
Ngn2 (E–G) and Olig2 (H–J) (indicated in pa-
renthesis) were misexpressed by electropor-
ation, and the embryos were developed to
HH stages 14–15. In each panel, only the right
side of the neural tube expresses exogenous
Ngn2 or Olig2 (shown in [E] and [H]), and thus
the left side serves as an internal control. (E)–
(G) and (H)–(J) show sets of adjacent sections
from the same embryos. Misexpression of
Ngn2, but not Olig2, induces ectopic TuJ1
postmitotic neurons (arrowheads in [F]), and
decreases the number of BrdU progenitors
(arrowheads in [G]). Scale bars: 100 m
(shown in [B] for [A] and [B], [D] for [C] and
[D], and [J] for [E]-[J]).
tion of progenitors. However, unlike in other tissues ex- any apparent change in the number of motoneurons in
the ventral domain (see below). Thus, it is unlikely thatamined in previous studies (Blader et al., 1997; Perez
et al., 1999; Perron et al., 1999), these ectopic neurons abnormal cell migration accounts for the emergence of
all, if any, of these cells. Importantly, the ectopic induc-within the neural tube expressed none of the markers
for motoneurons or interneurons we examined (data not tion of motoneuron markers by Olig2 was always limited
to the ventral half of the neural tube, albeit that exoge-shown).
Unlike Ngn2, misexpression of mouse Olig2 did not nous Olig2 was expressed much more broadly than en-
dogenous Olig2 (compare Figures 4C and 5A) (see be-induce ectopic neurogenesis (Figures 4H–4J). We no-
ticed, however, that Olig2 reproducibly induced some low). Furthermore, misexpression of Olig2 in non-neural
tissues, where Ngn2 is normally not expressed, did notectopic cells to express motoneuron markers, including
MNR2, Lim3, Isl1, and Isl2, dorsal to the normal domain induce such motoneuron-like cells. These results raised
the possibility that endogenous Ngn2 limits the actionof motoneurons (Figures 5A–5E, arrowheads). The in-
duction of these ectopic cells was not accompanied by of exogenous Olig2. To test this idea, Olig2 was misex-
Motoneuron Generation by Olig2 and Ngn2
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Figure 5. Induction of Ectopic Motoneuron Markers by Olig2 and Ngn2
Olig2 (A–E) and both Olig2 and Ngn2 (F–L) (indicated in parenthesis) were misexpressed in the chick hindbrain (r5–8 levels), and the embryos
were developed to HH stages 14 (K), 19–20 (A–D, F–J, and L), and 23 (E), respectively. (A)–(D) and (F)–(J) show sets of adjacent sections. (A)
and (F) and inset in (F) indicate the cells expressing ectopic Olig2 and Ngn2, respectively, and arrow in (F) shows the expression of endogenous
Olig2. Arrowheads in (B)–(E) and (G)–(L) indicate ectopic marker-positive cells at the electroporated sides. (A–J) Misexpression of Olig2 alone
(A–E) and Olig2 plus Ngn2 (F–J) induces ectopic cells expressing various markers for vMNs (see [M] for quantification). (K and L) Ectopic
dorsal MNR2/HB9 (arrowheads) and TuJ1 (inset in [L]: position indicated by arrow) cells induced by Olig2/Ngn2 derive from ectopic Olig2
(probably Ngn2 as well) cells. These ectopic neurons form aberrant nerve roots extending from the dorsal side of the neural tube (arrowheads
in [L]). (M) Distribution of ectopic MNR2/HB9 cells in the neural tube of Olig2- and Olig2/Ngn2-misexpressed embryos. Transverse sections
of the caudal hindbrain (r5–8) and cervical spinal cord are divided into four parts along the dorso-ventral axis. The dorsal and ventral quarters
(DQ and VQ) correspond to the dorsal- and ventral-most one-fourth parts of the neural tube, respectively, and the remaining intermediate
part is further divided into the dorsal intermediate quarter (DIQ) and ventral intermediate quarter (VIQ). Values indicated by histograms are
numbers of the total MNR2/HB9 cells/section, and also those detected in each part of the control and electroporated sides of the neural
tube. Control, open bars; Olig2 alone, hatched bars; Olig2 plus Ngn2, filled bars (mean  SD;  12 sections from 7–12 embryos for each
experimental paradigm). The results obtained at HH stages 14–15 (left) and 19-20 (right) are shown for comparison. Scale bars: 100 m (shown
in [J] for [A]–[J], [K], and [L]).
pressed in combination with Ngn2. The combinatorial These motoneuron-like cells were detectable in the ex-
treme dorsal region of the neural tube (Figure 5K).misexpression of Olig2 and Ngn2 induced many cells
expressing various motoneuron markers, such as MNR2/ We examined the number and distribution of these
ectopic cells at two different stages (Figure 5M). MNR2/HB9, Lim3, Isl1, Isl2, and SC1 (Tanaka and Obata, 1984)
(arrowheads in Figures 5F–5J and data not shown). HB9 motoneurons begun to emerge in the ventral neu-
Neuron
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ral tube at HH stages 14–15. Although their number neuron markers, suggesting that this construct lacks
the activity of the full-length Olig2. In contrast, overex-was variable among embryos at this stage, a significant
increase (1.7-fold) in their number could be detected on pression of VP16-Olig2 in the ventral neural tube signifi-
cantly reduced the number of MNR2/HB9 cells (Fig-the electroporated side in Olig2-misexpressed embryos.
Many of them (28% of total immunopositive cells) were ures 6A and 6B) (37  12% on the electroporated side
compared to the control side; mean  SD, n  7 em-found at ectopic positions (termed ventral intermediate
quarter; VIQ) immediately dorsal to the normal ventral bryos, statistically significant [p 	 0.01 by unpaired t
test]). However, VP16-Olig2 did not inhibit the genera-domain (ventral quarter; VQ), but were confined within
the ventral half of the neural tube. On the other hand, the tion of En1 V1 interneurons, which normally arise out-
side the Olig2 domain (Figure 6C) (92  12%, n  7,combinatorial misexpression of Olig2 and Ngn2 further
increased the number of MNR2/HB9 cells (4.1-fold), statistically not significant). Thus, VP16-Olig2 sup-
pressed the differentiation of motoneurons, leaving theand they were scattered in both the dorsal and ventral
regions including the dorsal intermediate quarter (DIQ) V1 interneurons unaffected. These results are consistent
with the idea that VP16-Olig2 acts as a dominant-nega-and dorsal-most quarter (DQ), with no apparent restric-
tion in their positions. Similar changes could also be tive form of Olig2, and that the activity of endogenous
Olig2 is essential for the generation of motoneurons.observed at HH stages 19–20, the time that motoneuron
generation actively proceeds. At this stage, misexpres- The number of Chx10 V2 interneurons remained unaf-
fected in VP16-Olig2-expressing embryos, and it is cur-sion of Olig2 and of both Olig2 and Ngn2 increased the
number of MNR2/HB9 cells by 1.5-fold and 2.1-fold, rently unknown what subtypes of neurons are generated
from ventral progenitors when the activity of endoge-respectively. The proportion of ectopic dorsal cells de-
tected in Olig2/Ngn2-comisexpressed embryos was de- nous Olig2 is blocked by VP16-Olig2.
Next we asked whether the activity to induce ectopiccreased compared to that at the earlier stage; only 8%
of MNR2/HB9 cells were located in the dorsal half of motoneuron markers is specific for Olig2 and Ngn2. Neu-
rogenin1 (Ngn1), which is structurally related to Ngn2the neural tube (sum of the numbers in DQ and DIQ) at
HH stages 19–20, whereas 55% were detected in the (Sommer et al., 1996; Perez et al., 1999), had an activity
similar to that of Ngn2 (Figure 6D). Olig1 also mimickedsame regions at HH stages 14–15. This may reflect ven-
tral migration of ectopic dorsal cells. Nevertheless, 35% the action of Olig2, and misexpression of both Olig1 and
Ngn2 could induce ectopic cells expressing motoneuronof marker-positive cells on the electroporated side were
still found at ectopic positions (see values for DQ, DIQ, markers (data not shown). In contrast, Mash1, either alone
or in combination with Olig2 or Ngn2, could not induceand VIQ).
The combination of Olig2 and Ngn2 induced ectopic markers for vMNs, although misexpression of Mash1
could induce ectopic neurogenesis like Ngn2 (data notcells expressing a set of markers specific for vMN
(MNR2, HB9, Lim3, and Isl2), but not for dMN (Phox2a shown) (Perez et al., 1999). Thus, the specific combina-
torial actions of the Olig and Ngn subfamilies appear toand Phox2b) (Pattyn et al., 1997, 2000; Tanabe et al.,
1998; Sharma et al., 1998; Arber et al., 1999; Thaler et be important for inducting motoneuron markers.
Misexpression of Olig2 and Ngn2 could induce ec-al., 1999) (Figures 5A–5K and data not shown). Thus,
Olig2 and Ngn2 appear to induce a specific neuronal topic motoneuron markers at various antero-posterior
levels of the neural tube, including the midbrain andsubtype with the characteristics of vMN. Ectopic MNR2/
HB9and-tubulin type IIIcells were generated among spinal cord (Figures 6E and 6F). Ectopic MNR2/HB9,
-tubulin type III neurons were also detected in somecells that expressed exogenous Olig2 (Figures 5K and
5L), showing a typical neuronal morphology with round non-neural tissues, such as the surface ectoderm and
otic vesicle (Figures 6G and 6H). Thus, the combinationsoma and thin processes (inset in Figure 5L). Unlike
normal vMNs, however, these ectopic neurons often of Olig2 and Ngn2 appears to drive at least some aspects
of both the pan-neuronal and subtype-specific differen-extended axons from the dorsal side of the neural tube
(Figure 5L, arrowheads). These axons formed aberrant tiation programs of motoneurons in various develop-
mental contexts.nerve roots, which were never observed at the control
side, or in normal embryos at this early stage.
Regulation of Homeodomain Factor ExpressionSpecific Combinatorial Actions of Olig2 and Ngn2
by Olig2 and Ngn2in Motoneuron Generation
The above results suggest the possibility that misex-Next we attempted to ask whether endogenous Olig2
pression of Olig2 and Ngn2 alters the specificity of pro-is necessary for motoneuron generation. To address this
genitor domains in the neural tube. To address this is-issue, we designed two fusion proteins, either of which
sue, we examined the expression of various markers forwas expected to act as a dominant-negative form in-
progenitor domains. Ectopic expression of Olig2 led toterfering with the function of endogenous Olig2. In one
an attenuation of the expression of Pax7 and Irx3 (Fig-construct termed VP16-Olig2, the transcriptional activa-
ures 7A and 7B). Misexpression of Ngn2 also resultedtion domain of the viral protein VP16 was fused N-termi-
in the suppression of Pax7 and Irx3 (Figures 7E andnal to the DNA binding bHLH domain of mouse Olig2,
7F). In contrast, Olig2, but not Ngn2, had the ability towhereas the other construct En-Olig2 contained the En-
decrease the expression level of Pax6 (Figures 7C andgrailed repressor domain.
7G). Conversely, the dorsal expression of Mash1 wasMisexpression of En-Olig2 within the endogenous
specifically downregulated by Ngn2, but not by Olig2Olig2 domain did not affect motoneuron generation
(Figures 7D and 7H). Although Ngn2 reduced the number(data not shown). Even in combination with Ngn2, En-
Olig2 could not induce ectopic cells expressing moto- of progenitors (Figure 4G), the suppression of Pax7, Irx3,
Motoneuron Generation by Olig2 and Ngn2
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Figure 6. Specific Combinatorial Actions of Olig2 and Ngn2 in Motoneuron Generation
(A–C) Suppression of motoneurons by VP16-Olig2. When VP16-Olig2 fusion proteins are expressed in the ventral neural tube (detected by
anti-myc-tag antibody in [A]), the number of MNR2/HB9 cells is significantly reduced (B), whereas En1 interneurons are normally generated
(C) (HH stage 20). (D) Induction of ectopic MNR2/HB9 cells (arrowheads) by comisexpression of Ngn1 and Olig2 (r5 level at HH stage 20).
(E–H) Ectopic induction of MNR2/HB9 cells (arrowheads) by Olig2 and Ngn2 in the midbrain (E), cervical spinal cord (F), surface ectoderm
(G; boxed area in [F]), and otic vesicle (H) (HH stage 14). Insets in (G) and (H) show that ectopic Olig2 cells (red) (positions indicated by
arrowheads in [G] and [H]) become TuJ1 neurons (green). Scale bars: 100 m (shown in [C] for [A]–[C], [F] for [D]–[F], [G], and [H]).
and Mash1 was observed in progenitors that remained mains, generation of several classes of interneurons was
affected by misexpression of Olig2 and Ngn2. En1 ven-on the ventricular side. Moreover, the expression of
Pax6 in these progenitors did not change in Ngn2-mis- tral interneurons, a subpopulation of Pax2 interneu-
rons, and Phox2a dorsal interneurons (Burrill et al.,expressed embryos. Thus, the effect of Ngn2 was not
simply due to a depletion of dorsal progenitors. 1997; Pattyn et al., 1997; Dubreuil et al., 2000) were
diminished or severely suppressed by Olig2 (FiguresConsequently, the combinatorial misexpression of
Olig2 and Ngn2 resulted in the concomitant repression 7P–7R). Ectopic expression of Ngn2 also suppressed
the generation of Pax2 and Phox2a neurons (Figuresof various markers for the dorsal and intermediate do-
mains (Figures 7I–7L). The expression of these markers 7T and 7U). In contrast, En1 V1 interneurons remained
intact in Ngn2-misexpressed embryos (Figure 7S). Thiswas diminished in most of the cells that expressed ec-
topic Olig2 (and likely Ngn2 as well), but maintained appears to be consistent with that V1 interneurons nor-
mally arise from the Ngn2/Olig2 domain (see Figuresin neighboring dorsal progenitors, arguing for a cell-
autonomous action of Olig2 and Ngn2. Thus, Olig2 and 2D and 2G). TUNEL staining detected no ectopic cell
death in the neural tube in Olig2- or Ngn2-misexpressedNgn2 appear to create ectopic dorsal cells that display
the characteristics of ventral motoneuron progenitors, embryos (data not shown). Thus, it is unlikely that the
suppression of interneurons by Olig2 and Ngn2 was duei.e., Pax7/Irx3/Pax6low/Mash1 cells.
Misexpression of Nkx6.1 has been shown to induce to selective elimination of subpopulations of neurons.
Together, these observations suggest that the changesectopic motoneurons (Briscoe et al., 2000). We thus
asked whether Olig2 and Ngn2 affect the expression of in the progenitor specificity caused by ectopic Olig2
and Ngn2 are accompanied by the suppression of theendogenous Nkx6.1. We found that misexpression of
Olig2 and Ngn2 led to dorsal expansion of the Nkx6.1 fates of some specific neuronal subtypes. However, mis-
expression of Olig2 and Ngn2 did not affect the differen-domain (Figure 7M, arrows). However, the majority of
ectopic Olig2/Ngn2 cells themselves did not express tiation of Chx10 or Evx1 interneurons (Moran-Rivard
et al., 2001) (data not shown). Thus, some interneuronsNkx6.1. Thus, this change of Nkx6.1 was likely not attrib-
utable to the direct cell-autonomous actions of Olig2 appear to be refractory to the regulation of neuronal
fates by Olig2 and Ngn2.and Ngn2. The expression patterns of the above homeo-
domain factors are under the control of Shh (Ericson et
al., 1997; Briscoe et al., 2000). Misexpression of neither Discussion
Olig2 nor Ngn2, however, induced the expression of Shh,
or one of the Shh-targets Nkx2.2 at ectopic positions at Here we have examined the roles of the bHLH factors
Olig2 and Ngn2 in the differentiation of motoneurons.a detectable level (Figures 7N and 7O), making it unlikely
that the induction of ectopic motoneuron markers by At the stage appropriate for motoneuron generation,
Olig2 and Ngn2 are specifically coexpressed in progeni-Olig2 and Ngn2 involves ectopic Shh expression.
In parallel to the above changes of progenitor do- tors for motoneurons. Combinatorial misexpression of
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Figure 7. Changes in Progenitor Specificity
and Suppression of Interneurons by Olig2 and
Ngn2
(A–O) Olig2 (A–D), Ngn2 (E–H), and both Olig2
and Ngn2 (I–O) (indicated in parenthesis)
were misexpressed in the chick hindbrain
(r5–7 levels), and changes in the expression
patterns of various molecular markers for
progenitors are detected by immunostaining.
Embryos were developed to HH stages 14–15
(A–C, E–G, I–K, and M–O) and 19-20 (D, H,
and L), respectively. Arrowheads indicate the
loss of marker-positive cells at the electro-
porated sides. Arrows in (M) indicate the nor-
mal (left) and dorsally shifted (right) borders of
the Nkx6.1 domain. The expression of Pax7,
Irx3, Pax6, and Mash1 is suppressed in ec-
topic Olig2 (likely Ngn2 as well) cells, but
not in neighboring dorsal progenitors (I–L).
The expression of Nkx6.1 expands dorsally
in Olig2/Ngn2-misexpressed embryos, but
ectopic Olig2 cells themselves do not ex-
press Nkx6.1 (M). Misexpression of Olig2 and
Ngn2 does not significantly change the ex-
pression patterns of endogenous Shh (N) and
Nkx2.2 (O). (P–U) Suppression of the fates of
interneurons by Olig2 (P–R) and Ngn2 (S–U)
(HH stages 19–20). Misexpression of Olig2
suppresses the generation of En1, Pax2,
and Phox2a interneurons, whereas Ngn2 af-
fects the differentiation of only Pax2 and
Phox2a cells. Scale bars: 100 m (shown in
[C] for [A]–[C], [D], [G] for [E]–[G], [H], [K] for
[I]–[K], [L], and [O] for [M]–[O] and [P]–[U]).
Olig2 and Ngn2 induces ectopic neurons that express tive dominant-negative form of Olig2 blocks endoge-
nous motoneuron generation. These results suggestmarkers for motoneurons in the neural tube, and also in
non-neural tissues. These ectopic neurons specifically that Olig2 and Ngn2 play important roles in the coordi-
nated expression of pan-neuronal and subtype-specificexhibit properties of motoneurons, but not of other neu-
ronal subtypes. Conversely, forced expression of a puta- properties of motoneurons.
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Specific Coexpression of Olig2 and Ngn2 in the Ngn2 mutant, indicating that Ngn2 per se does
not specify a motoneuron fate. Furthermore, such a loss-in Motoneuron Progenitors
of-function study does not distinguish whether Ngn2A close comparison with various homeodomain factors
plays any instructive role in motoneuron generation, or(Briscoe and Ericson, 2001) demonstrates that Olig2 is
whether it is simply required for conditions permissivespecifically expressed in motoneuron progenitors. Many
for differentiation of motoneurons. We addressed thisof these Olig2 progenitors coexpress Ngn2, but not
issue by gain-of-function studies, and showed that Ngn2Mash1. Ngn2 is also expressed in progenitors for ventral
collaborates with Olig2 to induce neurons that expressinterneurons, and some of them coexpress Mash1, but
motoneuron-specific markers. In the developing rat hind-not Olig2. Thus, these bHLH factors are expressed in
brain, Olig2 and Ngn2 are coexpressed in progenitorsoverlapping, but distinct progenitor populations, and the
for a specific subtype of motoneurons (termed vMN)coexpression of Olig2 and Ngn2 is specific for motoneu-
that extend axons ventrally from the neural tube. Consis-ron progenitors. The onset of Olig2 and Ngn2 expression
tently, the expression of a set of markers (MNR2, HB9,precedes those of HB9, Lim3, and Isl1, indicating that
Isl2, and Lim3) indicates that ectopic neurons inducedthey are one of the earliest transcription factors ex-
by Olig2 and Ngn2 in chick display the characteristicspressed in the motoneuron lineage. On the other hand,
of vMNs. These ectopic neurons do not express markersthe reported expression patterns of other known bHLH
for other neuronal subtypes, including Phox2a, Phox2b,factors, including Math1 and Ngn3, do not match the
En1, Chx10, Evx1, and Pax2. Thus, Olig2 and Ngn2 ap-timing and position of motoneuron differentiation (Helms
pear to specifically drive the differentiation programs ofand Johnson, 1998; Sommer et al., 1996).
vMNs.Late in development, the Olig2-related factor Olig1
The uniqueness of Olig2 and Ngn2 here is their combi-and Olig2 itself are expressed in oligodendrocyte pro-
natorial actions to link the expression of both subtype-genitors (Lu et al., 2000; Zhou et al., 2000; Takebayashi
specific and pan-neuronal properties of motoneurons.et al., 2000). Unlike Olig2, however, the expression of
Ngn2 can stimulate some aspects of neuronal differenti-Olig1 is not detected at the stage appropriate for moto-
ation; the cell cycle exit of progenitors and expressionneuron generation, and emerges at a later stage that
of the pan-neuronal genes encoding -tubulin type IIIcoincides with the onset of differentiation of oligoden-
and neurofilament-associated 3A10 antigen. Ngn2 alone,drocytes (Pringle et al., 1996). Concomitant with this
however, is insufficient to specify motoneuron-specifictiming, cells coexpressing Olig2 and Ngn2 disappear,
properties. Misexpression of Olig2 induces ectopic cellsand instead, some Olig2 cells coexpress Mash1. It has
expressing markers for motoneurons, but this activitybeen proposed that motoneurons and oligodendrocytes
appears to be spatially limited to the ventral domainsequentially arise from the same progenitor domain in
where endogenous Ngn2 is expressed. Consistent withthe spinal cord (Richardson et al., 2000). Thus, the switch
this idea, combinatorial misexpression of Olig2 andin the expression patterns of these bHLH factors appears
Ngn2 can induce ectopic neurons that express markersto coincide with the ordered generation of motoneurons
for motoneurons in the dorsal part of the neural tube.and oligodendrocytes. Thus, among many members of
Furthermore, the block of the activity of endogenousbHLH factors, the coexpression of Olig2 and Ngn2 is
Olig2 by a dominant-negative mutant of Olig2 leads tospecifically correlated to motoneuron generation.
the suppression of motoneuron generation. These ob-
servations collectively suggest that the combinatorial
Specific Combinatorial Actions of Olig2 and Ngn2 actions of Olig2 and Ngn2 are important for differentia-
in Differentiation of Motoneurons tion of motoneurons.
bHLH factors play central roles in neuronal differentia- It is notable here that Olig2 and Ngn2 can induce both
tion (Anderson and Jan, 1997; Guillemot, 1999), and re- pan-neuronal and motoneuron-specific genes not only
cent growing evidence has further begun to demon- in the neural tube, but also in some non-neural tissues,
strate their roles in specification of neuronal subtypes such as the surface ectoderm and otic vesicle, where
(Hassan and Bellen, 2000). For instance, misexpression motoneurons never arise in normal development. This
of Ngn1 and Ngn2 induces the expression of both pan- observation suggests that Olig2 and Ngn2 are not simply
neuronal and sensory neuron-specific genes in the pe- permissive for motoneuron differentiation, but that they
ripheral nervous system (Perez et al., 1999). In contrast, can instruct at least some aspects of a motoneuron fate
when misexpressed in the retina, Ngn1 induces a neu- in various cellular contexts. We noticed, however, that
ronal subtype appropriate for the retina, instead of pe- not all cells that expressed ectopic Olig2 and Ngn2 dif-
ripheral sensory neurons (Perron et al., 1999). In other ferentiated into motoneurons. Moreover, endogenous
cases, however, bHLH factors do not specify any neu- Olig2 and Ngn2 are expressed in various regions of the
ronal subtypes, albeit their ability to induce the expres- developing CNS, including the forebrain where moto-
sion of pan-neuronal properties (Lo et al., 1999; Hatake- neurons do not arise (Sommer et al., 1996; Lu et al.,
yama et al., 2001). These observations support the idea 2000; Zhou et al., 2000; Takebayashi et al., 2000). Thus,
that acquisition of pan-neuronal properties and specifi- certain conditions presumably exist that restrict the ac-
cation of neuronal subtypes are controlled by separable tivities of Olig2 and Ngn2 to induce motoneurons.
genetic subprograms, and that the actions of bHLH fac- Among various bHLH factors, Olig1 and Ngn1 mimic
tors are influenced by other molecules. the actions of Olig2 and Ngn2, respectively. In contrast,
A recent study of the loss-of-function mutation of a structurally distant bHLH factor, Mash1, either alone
Ngn2 in mouse has demonstrated that Ngn2 is required or in combination with Olig2 or Ngn2, does not induce
for motoneuron generation (Scardigli et al., 2001). How- motoneuron markers. Olig1/Olig2, and Ngn1/Ngn2 con-
stitute distinct subfamilies among bHLH factors, andever, many other neuronal subtypes are also affected
Neuron
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their bHLH domains are highly conserved within each could be detected in VP16-Olig2-misexpressed em-
bryos (our unpublished results). Thus, regulations bysubfamily, but divergent from each other (Ledent and
other molecules may predominate in restricting the ex-Vervoort, 2001). The difference in structures of the bHLH
pression of these homeodomain factors even under thedomains has been implicated for distinct functions of
conditions in which the activity of endogenous Olig2 isbHLH factors (Chien et al., 1996; Hassan and Bellen,
attenuated; details of such mechanisms, however, are2000). Thus, the activity to induce motoneurons appears
currently unknown.to be specific for the Olig and Ngn subfamilies. Unlike
Misexpression of Olig2 attenuates the expression ofOlig2, however, Olig1 is not expressed in the neural
Pax6 in progenitor domains. This phenomenon is appar-tube at the stage when motoneurons are generated. Our
ently paradoxical since Pax6 is required for the expres-preliminary data also indicate that the expression of
sion of Olig2, and also for motoneuron generation. How-Ngn1 begins later than that of Ngn2, and is not detected
ever, the expression of Pax6 is normally downregulatedin Olig2 progenitors. Thus, Olig2 and Ngn2, but not
in motoneuron progenitors by Shh signaling (Ericson etOlig1 or Ngn1, likely play major roles in generating moto-
al., 1997). Shh is also responsible for induction of Olig2neurons in normal development. However, our results
(Lu et al., 2000), and the Olig2 expression domain closelydo not exclude the possibility that other bHLH factors
matches the Pax6low domain. Thus, we favor the ideaare also involved in motoneuron generation since some
that crossregulatory interactions between Pax6 andIsl1 motoneuron-like cells still differentiate in the Ngn1/
Shh-induced Olig2 contribute to setting up the proper-Ngn2 double mutant, albeit in a much lower number
ties of the domain for motoneuron progenitors. Such athan in the wild-type (Scardigli et al., 2001).
regulatory interaction has also been shown between
Pax6 and Ngn2 (Scardigli et al., 2001).Regulatory Interactions between bHLH
Misexpression of Nkx6.1 induces ectopic motoneu-and Homeodomain Factors
rons (Briscoe et al., 2000). We found that ectopic induc-A number of homeodomain factors have been shown
tion of motoneuron markers by Olig2 and Ngn2 is ac-to play vital roles in motoneuron generation (Briscoe
companied by dorsal expansion of the endogenousand Ericson, 2001). It is not clear, however, how they
Nkx6.1 domain. However, the majority of ectopicare involved in the induction of pan-neuronal properties
Olig2/Ngn2 cells themselves do not express Nkx6.1,of motoneurons. In some cases, their activities depend
suggesting that this change of Nkx6.1 is not attributableon endogenous neurogenic programs (Tanabe et al.,
to the cell-autonomous actions of Olig2 or Ngn2. Our1998; Briscoe et al., 2000). Thus, an important question
preliminary data also indicate that misexpression ofis how Olig2 and Ngn2 interact with these homeodomain
Nkx6.1 results in dorsal expansion of the Olig2 domain,factors.
but again, ectopic Nkx6.1 cells do not express Olig2 inHere we have shown that the expression of Olig2 and
a cell-autonomous manner. Such an indirect interactionNgn2 in the hindbrain depends on Pax6. In the Pax6
between Nkx6.1 and Olig2 may involve the regulationmutant, the expression of Olig2 and Ngn2 is diminished,
of other molecules expressed within the neural tube.and instead, Mash1 is ectopically expressed. The loss
The fact that motoneuron generation in the caudal neural
of the activity of Pax6 also results in the change in
tube is preserved in the Nkx6.1 mutant mouse suggests
the expression patterns of other homeodomain factors
a mechanism that directs motoneuron differentiation in-
including Nkx2.2 and Phox2b (Ericson et al., 1997;
dependently of Nkx6.1 (Sander et al., 2000). Thus, it
Briscoe et al., 1999). Thus, the correct specification of remains to be further explored how Nkx6.1, Olig2, and
progenitor domains by homeodomain factors, notably Ngn2 coordinate in normal development.
by Pax6, is critical for the expression of Olig2 and Ngn2 Altogether, the above observations revealed the com-
in motoneuron progenitors. Pax6 influences the expres- plex crossregulatory interactions between the bHLH and
sion of Ngn2 and Mash1 in the forebrain, and Nkx2.2 homeodomain classes of transcription factors. Such in-
and Phox2b regulate Ngn3 and Mash1, respectively, in teractions presumably contribute to the establishment
the spinal cord (Briscoe et al., 1999; Pattyn et al., 2000; of discrete gene expression patterns within the neural
Stoykova et al., 2000). Thus, the region-specific expres- tube, and also to the subsequent specification of the
sion of various bHLH factors is under the control of identities of progenitor domains. Such collaborative ac-
homeodomain factors. tions of bHLH and homeodomain factors have been
Conversely, our gain-of-function studies have demon- shown in recent studies (Lo et al., 1999; Hatakeyama et
strated that Olig2 and Ngn2 regulate the expression of al., 2001).
various homeodomain factors. Misexpression of Olig2 It is notable here that Olig2 and Ngn2 repress the
and Ngn2 induces the expression of MNR2, and sup- expression of specific sets of genes. Recent studies
presses Irx3 and Pax7. Misexpression of MNR2 can in- have demonstrated that many homeodomain factors act
duce ectopic motoneurons (Tanabe et al., 1998), and as transcriptional repressors (Briscoe et al., 2000; Muhr
conversely, Irx3 suppresses motoneuron differentiation et al., 2001). Our results suggest that Olig2 and Ngn2
(Briscoe et al., 2000). Pax7 and its related factor Pax3 may also be involved in this transcriptional repression
have also been implicated for restriction of ventral neu- network. The bHLH domain of Olig2 fused to the VP16
ronal subtypes (Tremblay et al., 1996; Mansouri and transcriptional activation domain appears to act as a
Gruss, 1998). Thus, the induction of MNR2 and suppres- dominant-negative form. This can be interpreted by the
sion of Irx3 and Pax7 by Olig2 and Ngn2 likely contrib- idea that endogenous Olig2 functions as a transcrip-
utes to the induction of ectopic motoneuron markers in tional repressor, although we cannot exclude the possi-
the dorsal neural tube. However, no apparent change bility that other mechanisms may also be involved in its
action. A recent study has also suggested the role ofin the expression patterns of endogenous Pax7 or Irx3
Motoneuron Generation by Olig2 and Ngn2
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Experimental ProceduresNgn2 in repressing a specific set of genes (Fode et al.,
2000). The Ngn-related Drosophila Atonal also represses
Immunostainingthe homeodomain factor Cut, and this activity is critical
The rabbit antibodies against Olig2 and Mash1 were described (Ta-
for Atonal to specify a sensory neuron fate (Jarman and kebayashi et al., 2000). Rabbit antibodies against Olig1, Ngn2, Irx3,
Ahmed, 1998). Moreover, Ngn1 acts as a transcriptional and Pax6 were prepared by immunization with synthetic oligopep-
tides corresponding to their amino acid sequences (details are avail-repressor independently of its ability to bind to DNA
able upon request). In some experiments, biotin-conjugated anti-when overexpressed in cultured cells (Sun et al., 2001).
bodies were used for double-staining. Antibodies against theThus, it remains to be clarified whether the repression
following antigens were described previously: Mash1 (Lo et al.,of gene expression by Olig2 and Ngn2 reflects their
1991), MNR2 (Tanabe et al., 1998), Chx10 (Sharma et al., 1998), Evx1
direct transcriptional repression activities, or is medi- (Moran-Rivard et al., 2001), Phox2a and Phox2b (Pattyn et al., 2000),
ated by other mechanisms. It also remains as an impor- Nkx6.1 (Sander et al., 2000), and SC1 (Tanaka and Obata, 1984).
Rabbit anti-Pax2 antibody was purchased from Zymed Lab Inc.tant question how two distinct factors collaborate to
Mouse antibodies against Pax7, Nkx2.2, Isl1, Isl2, Lim3, Lim1,specify motoneurons. Olig2 and Ngn2 may regulate dis-
MNR2/HB9, En1, Shh, and 3A10 were obtained from the Develop-tinct sets of genes, or their collaborative actions may
mental Studies Hybridoma Bank. The rabbit anti-MNR2 antibodybe necessary to induce genes critical for motoneuron
specifically detects MNR2, but not HB9, whereas the monoclonal
generation. Studies addressing such issues must await antibody against MNR2 reacts with both MNR2 and HB9 in chick.
identification of their direct physiological targets. This monoclonal antibody detects only HB9 in rodent (Tanabe et
al., 1998; Arber et al., 1999). Thus, we indicate herein the staining
with this antibody as HB9 in rat, and as MNR2/HB9 in chick.bHLH Factors and Environmental Signals
Immunostaining of cryosections of rat and chick embryos wasAnother important issue is how Olig2 and Ngn2 interact
performed as described (Torii et al., 1999; Takebayashi et al., 2000).
with environmental signals. The extracellular signaling Proliferative progenitors and postmitotic neurons in the chick neural
protein Shh plays an essential role for motoneuron gen- tube were detected with anti-BrdU (Becton) and anti--tubulin type
III (TuJ1; Babco) antibodies, respectively. Cell death was detectederation (Jessell, 2000). Misexpression of neither Olig2
by TUNEL staining using Cell Death Detection Kit (Roche) as de-nor Ngn2 affects the expression of endogenous Shh.
scribed (Pattyn et al., 2000). Double-staining was visualized withFurthermore, Olig2 and Ngn2 can induce motoneuron-
Alexa Fluor 488- and Alexa Fluor 546-conjugated secondary anti-like cells not only in the neural tube, but also in the
bodies, and confocal images were obtained under Zeiss LSM-510
surface ectoderm and otic vesicle. These tissues are confocal microscopy. The Sey mutant rat was described previously
distant from endogenous sources of Shh, and do no (Osumi et al., 1997).
express Shh at the stage when Olig2 and Ngn2 can
induce motoneuron markers. Thus, under certain cir- Isolation of Chick Olig2 cDNA and In Situ Hybridization
A mixed stage chick brain cDNA library (gift of T. Ogura) wascumstances, Olig2 and Ngn2 may act as inducers of a
screened with the 202 bp cDNA fragment that encodes the bHLHmotoneuron fate without influence of Shh. Moreover, in
domain of mouse Olig2 (Takebayashi et al., 2000). From the 2 
 105the dorsal neural tube, the transforming growth factor-
independent clones screened, one putative chick Olig2 clone was
 (TGF-) family proteins antagonize the action of Shh,
obtained. The 5 region of this clone contains a contiguous open
thereby restricting motoneuron differentiation (Briscoe reading frame of 163 amino acids that shows a high sequence simi-
and Ericson, 2001). When misexpressed dorsally, Olig2 larity to the C-terminal half of mouse Olig2. The amino acid sequence
of the putative bHLH domain of this chick clone is identical to thoseand Ngn2 appear to bypass this restriction, and induce
of mouse Olig2 and Olig3, but less similar to Olig1 (82%). C-terminalectopic motoneuron markers in the extreme dorsal
to the bHLH domain, the chick sequence is 88% and 48% identical toregion.
mouse Olig2 and Olig3, respectively, whereas the identity betweenNevertheless, our current data leave it undetermined
mouse Olig2 and Olig3 in this region is 50%. From this sequence
whether endogenous Olig2 and Ngn2 can direct moto- comparison, we concluded that the isolated cDNA encodes the
neuron generation independently of Shh, or in the pres- chick Olig2 ortholog (GenBank accession number AY035369). Chick
Ngn2 cDNA was obtained by PCR based on the reported sequenceence of inhibitory signals from TGF- family proteins.
(Perez et al., 1999). Antisense probes were generated by using theRather, Shh has been shown to regulate the expression
1.2 kbp and 0.6 kbp cDNA fragments of Olig2 and Ngn2, respectively,of Olig2 in the neural tube (Lu et al., 2000). Thus, during
and nonradioactive in situ hybridization was performed as describednormal development, Olig2 and Ngn2 probably function
(Shimamura and Rubenstein, 1997).
downstream of Shh to direct the generation of motoneu-
rons. It could also be possible that they participate in
In Ovo Electroporation
the regulation of responses of progenitors to extrinsic Complementary DNAs for mouse Olig2, rat Mash1, Ngn1, and Ngn2
signals as suggested for the actions of other bHLH fac- were cloned into the expression vector pCAGGS. To generate VP16-
Olig2 and En-Olig2 fusion constructs, PCR-amplified cDNA frag-tors (Lo et al., 1997, 1999; White and Jarman, 2000).
ments that encode the transcriptional activation domain of the viralAs described above, a number of bHLH factors are
protein VP16 (95 amino acids) and the repressor domain of Drosoph-expressed in distinct progenitor domains in the neural
ila Engrailed (300 amino acids), respectively, were fused to the Ntube, and at least in the case of Olig2 and Ngn2, there
terminus of the bHLH domain of mouse Olig2 (amino acids 108–166;
is a causal relationship between their expression and Takebayashi et al., 2000). The myc-epitope tag and nuclear localiza-
the specification of a motoneuron fate. Thus, precise tion signal were further attached to the C terminus of these con-
structs, and cloned into pCAGGS. Chick embryos at HH stages 9–10spatial and temporal control of the expression and func-
were windowed, and plasmid DNAs (5 mg/ml) in Hank’s balancedtions of various bHLH factors by environmental signals
salt solution were pipetted into the lumen of the neural tube. A pairmay be critical for the generation of distinct neuronal
of electrodes was placed on either side of the neural tube over thesubtypes at defined positions. Further studies of such
vitelline membrane, and a square wave electroporator was used for
mechanisms will facilitate better understanding of neu- electroporation as described (Matsunaga et al., 2000). Eggs were
ral cell diversity during development of the nervous sealed, and the embryos were allowed to develop to HH stages
14–23. To detect proliferating cells, BrdU (10 g/ml) in phosphate-system.
Neuron
770
buffered saline was administrated under the vitelline membrane, Helms, A.W., and Johnson, J.E. (1998). Progenitors of dorsal com-
missural interneurons are defined by MATH1 expression. Develop-and the embryos were incubated for 60 min prior to sampling as
described (Dubreuil et al., 2000). ment 125, 919–928.
Jarman, A.P., and Ahmed, I. (1998). The specificity of proneural
Acknowledgments genes in determining Drosophila sense organ identity. Mech. Dev.
76, 117–125.
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